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Abstract 
In this study, we investigated Ge2Sb2Te5 (GST225) amorphous thin films doped with Bi, Sn and In, using Raman 
scattering spectroscopy, to obtain information about structural changes after doping. Such impurities as Bi and Sn 
were chosen due to their isomorphism with one of the main components; indium is an active dopant for phase change 
materials. Two main, most intensive bands appeared at 125 and 153 cm 1 in the spectrum of undoped amorphous 
GST225 thin film. Additional small bands in the range of 80 cm-1 and near 300 cm-1, which disappeared in Raman 
spectra of crystalline GST225 thin films, were also observed. The obtained peak parameters were found to correlate 
with the dopant type and concentration. The concentration dependencies are not monotonic, and this fact indicates 
different incorporation mechanisms for different dopant levels. 
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1. Introduction 
Chalcogenide-based phase change memory (PCM) materials have been widely used for optical data 
storage [1] and now are finding application in electronic non-volatile memory (NVM) devices [2]. 
Among typical PCM materials, the greatest attention of researchers involves compositions that lie on the 
pseudobinary line GeTe-Sb2Te3 (GST), since these materials enabled phase change optical storage 
technology [3]. Ternary alloy Ge2Sb2Te5 (GST225) is a stoichiometric compound which has two 
crystalline phases (metastable rock-salt phase and high temperature layered trigonal phase). 
The compound can be obtained in an amorphous phase using different deposition methods: thermal 
evaporation of synthesized materials in vacuum [4, 5] and rf-magnetron sputtering [6, 7]. Both methods 
have their advantages and disadvantages. One of the advantages of thermal evaporation is the ability to 
deposit thin films of different compositions promptly without advance preparation of the targets for each 
composition. In addition, the homogeneous Ge-Sb-Te thin films, with small area, can be easily obtained 
by varying the technological parameters of evaporation, e.g. the evaporator temperature, the substrate 
temperature, the sample mass and etc. The need to improve PCM technology requires effective methods 
for controlling the physical properties of the material. One of the main ways to alter characteristics is the 
introduction of a new component, which is accompanied by a solution of impurity in matrix. However, 
most of chalcogenide glassy semiconductors are insensitive to doping because of the “8-N” rule [8]. In 
this case, the control of the electrical and optical properties of the PCM materials transforms into 
a complex problem. One of the possible effective ways of solving it, is to use isomorphic elements as 
impurities. For GST system, bismuth and tin can be used for this purpose. Indium is also a good choice as 
a dopant since recently it was reported that the introduction of indium into GST225 increased optical 
contrast and changed the crystallization speed [9]. It was shown in [9, 10, 11] that the concentration of 
modified impurities was several atomic percents. Such amounts of dopants are sufficient to change 
the phase transformation parameters of GST225, while the phase separation of the material has not been 
observed. In this article, we focus on the investigation of doped amorphous GST225 thin films using 
Raman spectroscopy. The influence of Bi, Sn and In doping on bonding configuration is analyzed by 
comparison with undoped GST225 thin film. 
2. Experimental procedures 
The initial Ge2Sb2Te5 alloys doped with different amounts of Bi, In and Sn (0.5, 1 and 3 wt.%) were 
prepared using the synthesis method described in [12]. The materials (99.99% purity) were sealed in 
evacuated (5 10-3 Pa) quartz ampoules, then heated step by step to 8500C in a rocking furnace to ensure 
the melt was homogeneous. Thin films were prepared using thermal deposition from these doped 
GST225s on c-Si (100) substrates in a vacuum chamber. Residual pressure in the chamber was 10-4 Pa. 
The maximum temperature during evaporation was kept below 6300C. The area of the thin films, not in 
excess of 1x1 sq. cms, had two benefits: made it possible to carry out the Raman measurements and 
ensured the thin films homogeneity. 
The films thickness was determined from the height of step using AFM scan (NT-MDT SolverPro). 
The morphology of the layers was studied by SEM (Carl Zeiss NVision 40). The phase of the obtained 
amorphous thin films was determined by XRD (Rigaku D/MAX, Cu K  =0.15481 nm). Rutherford 
backscattering (RBS) (Ed=1.0 and E =2.7 MeV at 1350 scattering angle), X-Ray Microanalysis 
(CAMEBAX, the accuracy of ±2%) and XRF (X-Art M scanning spectrometer, the accuracy of ±2%) 
were used as analytical methods to determinate the thin film compositions and the element profiles across 
the thin films thickness. The measurements were carried out at different spots on the surface of the thin 
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films (4-5 points), and then the results were averaged. The results of X-Ray Microanalysis method are 
shown in Tab. 1 for the undoped Ge2Sb2Te5 thin films.  
Table 1. Results of composition analysis of thin films. 
Analysis at different spots on 
the surface of the thin films 
(1x1 sq. cms) 
Ge, (at.%) Sb, (at.%) Te, (at.%) Deviation from mean (at.%) 
Ge Sb Te 
1 21.894 22.219 55.887 0.73% 1.31% 2.23% 
2 22.456 22.312 55.232 1.81% 1.73% 1.39% 
3 22.356 21.539 56.105 1.36% 1.78% 1.66% 
4 21.521 21.656 56.824 2.42% 1.25% 1.45% 
mean 22.056 21.931 56.012 1.58% 1.52% 1.68% 
The element profiles across the thin films thickness by RBS are presented in Fig.1. Analysis of 
the data shows that the prepared amorphous thin film corresponds to the composition of the Ge2Sb2Te5 
compound with an accuracy of ±2% using either of the production methods. Therefore, we will use 
Ge2Sb2Te5 or GST225 for further designation. 
 
Fig.1. (Color online) Profiles of Ge (red dashed line) and (Sb+Te) atoms (blue dashed line) of the thin film in accordance with RBS  
Raman spectroscopic measurements were carried out using a Renishaw 1000 spectrometer attached to 
a Leica DM/LM microscope. A 785 nm diode laser served as the excitation source. The excitation beam 
was focused into a 1μm diameter spot and the intensity was lowered in order to avoid light induced 
modifications of the structure. Spectra were taken in the range of 50 to 450 cm 1. Peak at 63 cm-1, shown 
in Fig. 1a, was chosen for normalization, since its intensity was found to be almost constant in all of 
the recorded spectra. Actually, the peak at 63 cm-1 is the result of superposition of the cutting edge of the 
holographic laser filter and the broad feature observable in the low-wavenumber region (under 50 cm-1) 
of chalcogenides, the so-called Boson peak. The spectra were fitted with Gaussians, the accuracy was 
R2 = 0.996.  
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3. Experimental results and discussions  
3.1. Results of composition analysis 
The data obtained from composition analysis are presented in Table 2. Our results reveal close 
agreement between compositions of the initial bulk alloys and the respective thin films. The content of 
dopants in the thin layers was calculated with the accuracy of about ± 5%.  
Table 2. Results of composition analysis (wt.%). 
Initial bulk alloy Thin film Initial bulk alloy Thin film Initial bulk alloy Thin film 
(Ge2Sb2Te5)99.5Bi0.5 (Ge2Sb2Te5)99.5Bi0.5 (Ge2Sb2Te5)99.5In0.5 (Ge2Sb2Te5)99.55In0.5 (Ge2Sb2Te5)99.5Sn0.5 (Ge2Sb2Te5)99.4Sn0.6 
(Ge2Sb2Te5)99Bi1 (Ge2Sb2Te5)98.9Bi1.1 (Ge2Sb2Te5)99In1 (Ge2Sb2Te5)99In1 (Ge2Sb2Te5)99Sn1 (Ge2Sb2Te5)99.1Sn0.9 
(Ge2Sb2Te5)97Bi3 (Ge2Sb2Te5)97.3Bi2.8 (Ge2Sb2Te5)97In3 (Ge2Sb2Te5)96.2In3,8 (Ge2Sb2Te5)97Sn3 (Ge2Sb2Te5)96.2 Sn3.8 
 
Surface analysis showed the morphology of the prepared samples to be homogeneous and smooth with 
a typical roughness of about 6-8 nm. The films thicknesses were found to vary in the range of 80-100 nm. 
3.2. Raman spectra of GST225 amorphous and crystalline thin films 
The experimental Raman spectra of GST225 amorphous (a-GST225) and crystalline (k-GST225) thin 
films are shown in Fig. 2. Gaussian fitting decomposed four main peaks with different intensities in the 
spectra at 80, 125, 153 and 300 cm-1. These peaks are labeled as A, B, C and D, respectively (see Fig. 2a). 
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Fig.2. (Color online) Raman spectra of a-GST225 (a) and k-GST225 (b). The inserts show the results of Gaussian fitting. 
The experimental data were fitted (red continuous line) assuming three Gaussian distributions (red dashed lines). 
The two most intense peaks B and C have been reported in many papers, and our results agree with 
previous publications [7, 13, 14, 15, 16]. Theoretical calculations from first principles revealed two peaks 
at 143 and 160 cm-1 for a-GST225, which correlated well with the experimental data [17]. In addition, 
86   S. Kozyukhin et al. /  Physics Procedia  44 ( 2013 )  82 – 90 
 
other similar methods, such as coherent phonons spectroscopy, also showed the presence of high intense 
peaks at 3.7 THz (123 cm-1) and 4.8 THz (160 cm-1) [18]. Peak A at ~ 80 cm-1 was rarely observed. 
A similar band was seen earlier near 90 cm-1 [13] and around 78 cm-1 [19]. As for peak D, a low intensity 
peak near 300 cm-1 was observed in the Raman spectra of a-GST225 thin films as well, that disappeared 
in the spectrum of crystalline samples [7].  
Our interpretation of the Raman spectra is based on the following assumptions. The low intensity peak 
A can be associated with E modes of GeTe4 tetrahedra [20]. Based on the Raman studies performed on  
a-GeTe thin films [20], vibrations of peak B can be related to the A1 modes of GeTe4-nGen (n=1, 2) 
corner-sharing tetrahedra. The presence of GeTe4-nGen (n=1, 2) tetrahedral units, including homopolar 
Ge-Ge bonds was reported in EXAFS results as well [21]. It’s necessary to mention that such tetrahedral 
units are also available in germanium dichalcogenides such as GeSe2 and GeS2 [22, 23]. 
There are several alternative interpretations for peak C. Some authors believe that this peak is 
associated with vibrations of Te-Te stretching bonds [24, 25, 26], but according to EXAFS data there are 
no homopolar Te-Te and/or Sb-Sb bonds in a-GST225 thin films [22, 27]. An alternative viewpoint is 
given in [14], where this peak is attributed to vibrations of GeTe4 edge-sharing tetrahedra, by analogy 
with GeSe2 [22]. Other researchers assign peak C near 150 cm-1 to vibrations of Sb–Te stretching bonds 
in SbTe3/2 structural units [7]. In our opinion, the assignment in [7] is the most convincing, where 
the peak near 150 cm-1 is related to vibrations of Sb2Te3 subsystem. This was supported by theoretical 
calculations, showing that a peak at 150 cm-1 can be attributed to vibrations of A21g modes of SbTe3/2 
units [28] and also correlates with the theoretical calculations and experimental data obtained for Sb2Te3 
compounds, observing bands near 151 cm-1 [29] and in the range of 165-167 cm-1 [18, 30]. 
The low intensity peak D near 300 cm-1 can be related to vibrations of Ge-Ge ethane-like clusters [23] 
or to vibrations of Ge-Ge bonds in pure Ge [31]. The obtained peak parameters and their assignments for 
a-GST225 thin film are shown in Table 3. 
Table 3. Peak parameters and peak assignments of a-GST225 thin film 
Peak assignment  Peak identity  Raman shift,  (cm-1)  FWHM,  (cm-1)  Normalized peak area  
A  E mode of GeTe4 tetrahedral  80  22  25.6  
B  GeTe4-nGen (n=1,2)  125  27  37.1  
C  A21g mode of Sb2Te3  153  28  37.3  
D  Ethane-like Ge-Ge units  300  -  -  
 
In case of crystalline k-GST225 thin films, two main peaks with maxima at ~ 110 and ~ 160 cm-1 were 
reported in the Raman spectra [16, 25]. These modes were attributed to vibrations of GeTe4 tetrahedra 
and SbTe3 pyramids, or Sb-Sb bonds in ethylene-like structural units of (Te2)Sb-Sb(Te2) or (TeSb)Sb-
Sb(Te2) [25]. There are three peaks at 94, 127 and 153 cm-1 in our Raman spectrum of k-GST225 thin 
film (see Fig. 2b). The two most intense peaks B and C are more structured in comparison to bands in 
the spectrum of a-GST225 thin film, resulting in a decrease of FWHM by 8 cm-1 (19 (20) and 27 (28), 
respectively). But the positions of these peaks and their intensities after crystallization remain unchanged. 
Since the crystalline phase is more ordered than the amorphous one, even at a short range ordering level, 
and basically the short range ordering in the amorphous and crystalline structures remains unchanged, so 
the Raman peaks of the two samples have similar origin. However, this result does not correspond to 
the conclusions made based on earlier Raman spectra [32], where a model has been proposed for phase 
transformation for GST225 thin films. According to this model, the short range structure of 
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the amorphous phase is more ordered than in the cubic (NaCl) crystal structure, which explains the more 
rigid modes in Raman spectrum of the amorphous phase. We assume that the crystallization method 
played an important role in research of phase change memory materials. A laser beam analogous to the 
laser used in optical discs was used for the crystallization in [32], while isothermal annealing at 443K for 
3 hours in an inert (Ar) atmosphere was used for crystallization in our study. According to [1, 3], 
aforementioned temperature corresponds to the phase transformation from the amorphous to the fcc 
(NaCl-type) crystalline state. Figure 3 shows that a crystalline phase of NaCl-type is formed after 
annealing at 443K. 
 
Fig.3. XRD scan of GST225 film after annealing at 443K. 
3.3. Raman spectra of a-GST225 doped Bi, In and Sn.  
The position and intensity of peaks B and C in the Raman spectra of a-GST225 thin films doped with 
1 and 3 wt.% of bismuth remain unchanged with respect to the undoped a-GST225 film. The bands are 
located at 125 ± 1 and 151 ± 2 cm-1 (see Fig. 4a). 
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Fig.4. (Color online) Raman spectra of a-GST225 thin films doped with Bi (a) and In (b). The inserts show the results of Gaussian 
fitting. The experimental data were fitted (red continuous line) assuming three Gaussian distributions (red dashed lines). 
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In spite of the expectations, both intensity and position of peaks B and C change when GST225 was 
doped with 0.5 wt.% of bismuth. The new bands are labeled as B1, C1 in Fig. 4a and are located at 133, 
148 cm-1, respectively. The shift of peak C to lower wavenumbers can be explained by the replacement of 
antimony positions with bismuth atoms, resulting in the appearance of Bi2Te3 fragments in the structural 
matrix of doped materials in addition to Sb2Te3 units. Since Bi-Te binding energy is smaller than that of 
the Sb-Te bonds (232 kJ/mol and 277.4 kJ/mol, accordingly) [33], the formation of these new structural 
units is of high probability and could cause the observed shift of the peak to lower frequencies.  
Peak B, however, moved to higher wavenumbers after doping with 0.5 wt.% of bismuth. Assuming 
that there are both antimony telluride and germanium telluride sublattices in the GST225 compound, 
the isomorphous substitution of antimony by bismuth may lead to changes of the vibrations of GeTe4-nGen  
(n = 1, 2) tetrahedra also. 
The introduction of bismuth probably will distort structural units mentioned above and they become 
less symmetrical. For example, increasing amount of tetrahedra with n=2 could lead to a shift of all 
vibrations to higher wavenumbers, as it was observed experimentally in [20]. Raman spectra of undoped 
a Bi-doped a-GST225 thin films are practically identical for Bi concentrations above 0.5 wt.%. This 
suggests that the substitution mechanism of bismuth into the amorphous matrix depends on the dopant 
concentrations.  
The Raman spectra of amorphous a-GST225 thin films doped with indium are shown in Fig. 4b. In 
addition to four main peaks at 77, 120, 148 and 300 cm-1, doping with indium led to the appearance of 
a small peak near 220 cm-1, which was not observed in Fig. 2a for bismuth doping. This band has 
maximal intensity for minimal indium doping level, i.e., at In concentration of 0.5 wt.%. This peak is 
labeled as E in Fig. 4b and can be assigned to F2 asymmetric stretching modes of GeTe4 tetrahedra. 
An analogous feature was observed for GeS2 and GeSe2 tetrahedral glasses [13, 22], and GeTe amorphous 
thin films, which are isostructural to GST225 [20, 34]. 
Peaks B and C shift to lower frequencies by the same value of 5 cm-1 in Raman spectra of all In doped 
a-GST225 thin films (0.5, 1 and 3 wt.%) with respect to the undoped sample. This can be associated with 
the significantly lower energy of In-Te bonds (218 kJ/mol) compared to the Ge-Te (402 kJ/mol) and Sb-
Te (299 kJ/mol) bonds [33], causing incorporation of indium atoms into both germanium telluride and 
antimony telluride sublattices.  
One can see that indium doping leads to increase of the intensity of peak D near 300 cm-1, which 
indicates the rise in concentration of ethane-like clusters. 
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Fig.5. (Color online) Raman spectra of a-GST225 thin films doped Sn. The inserts show the results of Gaussian fitting. The 
experimental data were fitted (red continuous line) assuming three Gaussian distributions (red dashed lines). 
Raman spectra of a-GST225 thin films doped with 0.5 and 3 wt.% Sn are shown in Fig.5. When 
compared with the undoped sample, one can see that after the addition of Sn, peak D has disappeared at 
300 cm-1, while peaks B and C have shifted to lower wavenumbers (to 117 and 145 cm-1, respectively, in 
Fig. 5a). This shift is even more pronounced (108 and 140 cm-1) for 3 wt. % tin concentration (see also 
peaks of B2 and C2 in Fig. 5b). These changes in parameters of peaks B and C again can be attributed to 
the remarkable decrease of the binding energy from 402 kJ/mol for Ge-Te to 319.2 kJ/mol for Sn-Te 
tetrahedra [34]. It is reasonable to assume that all tin atoms are incorporated at germanium sites and for 
Sn the solubility limit is higher than in the case of Bi or In. 
4. Conclusion 
Evaluation of the Raman spectrum of pure amorphous GST225 film showed two main, most intense 
peaks at 125 and 153 cm-1. These bands were accompanied by other small-intensity peaks around 80 cm-1 
and near 300 cm-1. Except for the latter one, these features were also observed in the spectrum of 
crystalline GST225 thin film, obtained by isothermal crystallization of amorphous GST225 thin films, 
indicating similar short range ordering for germanium and antimony sublattices in the two structures. The 
observed peaks were assigned to different structural units (see Table 3). In general, doping of 
the amorphous GST225 with Bi, In and Sn led to shifting of the main peaks to lower wavenumbers, 
except the case of 0.5 wt.% Bi, where the band at 125 cm-1 moved to higher frequencies. This behavior 
indicates that the doping mechanism depends on the dopant concentration. 
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